Dear Dr. van den Broeke,
Thank you for the thorough editing of our manuscript. We applied all of your suggestions.

Besides word-level changes, we rephrased (p.6 |. 226-227): “We do not consider that the uncertainty
applying on an estimated FAC10 can be smaller than the one of FAC10 observations.” to “We set 0.3 m, the
uncertainty related to FAC measurements (Section 2.2), as the minimum possible uncertainty on any
empirically estimated FAC10.”

Also, regarding your comment (p. 19, 1.414): “Here you could mention that the 2012 melt event must
somehow have caused a FEC decrease in the DSA.”: Although it is true at the conceptual level, the
magnitude of the potential FAC decrease in the DSA is much lower than the spatial heterogeneity applying
on FAC measurements. We therefore would like to avoid making hypothesis on a FAC change below our

detection limit.
Thanks again for your help.
Best regards,

Baptiste Vandecrux on behalf of the co-authors



Firn data compilation reveals widespread decrease of firn air content
in West Greenland

Baptiste Vandecrux™?, Michael MacFerrin®, Horst Machguth*®, William T. Colgan®, Dirk van As",
Achim Heilig®, C. Max Stevens’, Charalampos Charalampidis®, Robert S. Fausto!, Elizabeth M.
Morris?, Ellen Mosley-Thompson®, Lora Koenig”, Lynn N. Montgomery, Clément Miége'?,
Sebastian B. Simonsen™®, Thomas Ingeman-Nielsen?, Jason E. Box*

! Department of Glaciology and Climate, Geological Survey of Denmark and Greenland, Copenhagen, Denmark.

2 Department of Civil Engineering, Technical University of Denmark, Lyngby, Denmark.

¥ Cooperative Institute for Research in Environmental Sciences, University of Colorado, Boulder, CO USA

* Department of Geosciences, University of Fribourg, Fribourg, Switzerland

® Department of Geography, University of Zurich, Zurich, Switzerland

® Department of Earth and Environmental Sciences, LMU, Munich, Germany

" Department of Earth and Space Sciences, University of Washington, WA USA

® Bavarian Academy of Sciences and Humanities, Munich, Germany

% Scott Polar Research Institute, Cambridge University, United Kingdom

1 Byrd Polar and Climate Research Center and Department of Geography, Ohio State University, Columbus, OH USA.
! National Snow and Ice Data Center, University of Colorado, Boulder, CO, United States

12 Department of Geography, Rutgers University, Piscataway, NJ, United States

3 DTU Space, National Space Institute, Department of Geodynamics, Technical University of Denmark, Kgs. Lyngby,
Denmark

Correspondence to: B. Vandecrux (bava@byg.dtu.dk)

Abstract. A thick-and-porous layer of multiyear snow known as firn covers the Greenland ice-sheet interior. The firn layer
buffers the ice-sheet contribution to sea-level rise by retaining a fraction of summer melt as_liquid water and refrozen ice. In
this study we quantify the_Greenland ice-sheet firn air content (FAC), an indicator of meltwater retention capacity,
associated-withbased on 360 point observations. We quantify FAC in both the uppermost 10 m and the entire firn column

before interpolating FAC over the entire ice-sheet firn area as an empirical function of long-term mean air temperature (T,)
and net snow accumulation (¢). We assess-estimate a total ice-sheet wide FAC of 26 800 + 1 840 km?, of which 6 500 + 450
km?® resides within the uppermost 10 m of firn, during-for the 2010-2017 period. In the dry snow area (T, < -19°C), FAC has
not changed significantly since 1953. In the low accumulation percolation area (T, > -19°C and ¢ < 600 mm w.eq. yr''), FAC
has decreased by 23 + 16% between 1998-2008 and 2010-2017. This reflects a loss of firn retention capacity of between 150
+ 100 Gt and 540 + 440 Gt respectively from the top 10 m and entire firn column. The top 10 m FACs simulated by three
regional climate models (HIRHAM5, RACMO2.3p2, and MARV3.9) agree within 12% with observations. However, model
biases in the total FAC and marked regional differences highlight the need for caution when using models to quantify the

current and future FAC and firn retention capacity.
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1. Introduction

As a consequence of the atmospheric and oceanic warming associated with anthropogenic climate change, the Greenland ice
sheet (GrlS) is losing mass at an accelerating rate. The ice—sheetGrlS is now responsible for approximately 20% of
contemporary sea-level rise (Bindoff et al., 2013; Nerem et al. 2018). Over half this ice-sheetGrlS mass loss stems from
summer surface melt and subsequent meltwater runoff into the ocean (van den Broeke et al., 2016). While most meltwater
runoff originates from the low-elevation ablation area, the surface melt area is now expanding into the high-elevation firn-
covered interior of the Greenland-ice-sheetGrlS (Mote et al. 2007; Nghiem et al., 2012). Rather than flowing horizontally,
most of the meltwater produced at the surface of the firn area percolates vertically into the underlying firn where it refreezes,
and thereby does not contribute to sea-level rise (Harper et al., 2012). Hence, the meltwater retention capacity of Greenland’s

firn is a non-trivial parameter in the sea-level budget.

Assessing meltwater retention capacity of the firn in Greenland requires knowledge of both the extent of the firn area, as
well as the spatial distribution of depth-integrated firn porosity or firn air content (FAC). The extent of the firn area can be
tracked using the firn line, which Benson (1962) described as “the highest elevation to which the annual snow cover recedes
during the melt season”. Recently, Fausto et al. (2018a) updated the methods from Fausto et al. (2007) and presented maps
of remotely sensed end-of-summer snowlines over the 2000-2017 period. These maps effectively provide an annual
delineation of Greenland’s firn area. FAC is the integrated volume of air contained within the firn from the surface to a
certain depth per unit area (van Angelen et al., 2013; Ligtenberg et al., 2018). FAC quantifies the maximum pore volume
available per unit area to retain percolating meltwater, either in liquid or refrozen form (Harper et al., 2012; van Angelen et
al. 2013). Previously, ice-sheet--wide firn retention capacity has been estimated using simplifying assumptions (Pfeffer et al.,
1991) or unconstrained regional climate model (RCM) simulations (van Angelen et al., 2013). Harper et al. (2012) provided
a first empirical estimate of the firn’s meltwater retention capacity in the ice-sheetGrlS percolation area using two years of
observations (2007 and 2008) at 15 sites in western Greenland. While pioneering, their approach did not acknowledge the ice
sheetGrlS’s diverse firn regimes (Forster et al. 2014; Machguth et al., 2016). Ligtenberg et al. (2018) provided an RCM
simulation of FAC that generally compares well against observations in 62 firn cores, but substantially underestimated FAC

in the western percolation area.

The depth to which meltwater may percolate, and therefore the depth range over which FAC must be integrated to constrain
meltwater retention capacity, varies with melt intensity and firn permeability (Pfeffer et al., 1991). This makes the maximum
depth of meltwater percolation both temporally and spatially variable, as highlighted by the following studies. Braithwaite et
al. (1994) and Heilig et al. (2018) reported meltwater refreezing within the top 4 m of firn in western Greenland respectively
at ~1500 m a.s.l. during summer 1991 and at 2120 m a.s.l. during the 2016 melt season. Both studies indicate that, at specific

sites and years, meltwater is stored in near-surface FACfirn. However, firn temperature measurements in 2007-2009 at 1555
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m a.s.l. in west Greenland (Humphrey et al., 2012) as well as the presence of firn aquifer at depth greater than 10 m in
southeast Greenland (Miége et al., 2016) both show that meltwater can percolate below 10 m depth in the firn. This deep
percolation implies that, for certain firn conditions and given sufficient meltwater, the FAC of the total firn column, from the
surface to the firn-ice transition, may be used for meltwater retention. Finally, Machguth et al. (2016) show that percolation
depth may not increase linearly with meltwater production, and instead low-permeability ice layers can limit even abundant
meltwater from percolating into the entire firn column. Given the complexity of meltwater percolation and the paucity of
percolation observations, reasonable upper and lower bounds of the meltwater retention capacity of firn can be estimated by
determining FAC through the total firn column (FAC,y) and within the uppermost 10 m of firn column (FAC,y), respectively
(Harper et al. 2012). FAC,y is also valuable information to convert remotely sensed surface height changes into mass

changes (Sgrensen et al., 2011; Simonsen et al. 2013; Kuipers Munneke et al. 2015a).

In this study, we first compile a dataset of 360 firn ebservationsdensity profiles, collected between 1953 and 2017, and
quantify the observed FAC. We then extrapolate these point-scale observations across the entire ice-sheetGrlS firn area as
empirical functions of long-term mean air temperature and mean snow accumulation. The point observations are thereby
used to resolves the spatial distribution of FAC, but also, where possible, its temporal evolution. We use a simple
extrapolation to estimate FAC,, from FAC,, where firn cores do not extend to the firn-ice transition. Spatial integration of
FACy and FAC,, over the firn area permits estimating lower and upper bounds, respectively, of the Greenland-GrlS firn’s
meltwater retention capacity. Finally, we evaluate the FAC simulated by three RCMs, that are commonly used to evaluate

ice-sheet--wide firn meltwater retention capacity, but that have never been compared to such an extensive firn dataset.

2. Data and methods
2.1. Firn core dataset and firn area delineation

We compiled 340 previously published Greenland-ice-sheetGriS firn-density profiles of at least 5 m in depth (Table 1). To
these, we added an additional 20 cores extracted in 2016 and 2017, for which firn density was measured at 10 cm resolution
following the same procedure as Machguth et al. (2016). When near-surface snow densities were missing, we assigned a
density of 315 kg m™ (Fausto et al., 2018b) to the top centimetre and interpolated over the remaining gaps in density profiles

using a logarithmic function of depth fitted to the available densities.

Table 1. List of the publications presenting the firn cores used in this study.

Source Number of cores| [Source Number of cores
/Albert and Shultz (2002) 1 Langway (1967) 1
Alley (1987) 1 Lomonaco et al. (2011) 1
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Bader (1954) 1 Machguth et al. (2016) 28
Baker (2012) 1 Mayewski and Whitlow (2016a) 1
Benson (1962) 55 Mayewski and Whitlow (2016b) 1
Bolzan and Strobel (1999) 9 Miege et al. (2013) 3
Buchardt et al. (2012) 8 Morris and Wingham (2014) 66
Clausen et al. (1988) 8 Mosley-Thompson et al. (2001) 47
Colgan et al. (2018) 1 Porter and Mosley-Thompson (2014) 1
Fischer et al. (1995) 14 Reed (1966) 1
Forster et al. (2014) 5 Renaud (1959) 7
Hawley et al. (2014) 8 Spencer et al. (2001) 8
Harper et al. (2012) 32 Steen-Larsen et al. (2011) 1
Jezek (2012) 1 \Vallelonga et al. (2014) 1
Kameda et al. (1995) 1 \van der Veen et al. (2001) 10
Koenig et al. (2014) 3 \Wilhelms (1996) 13
Kovacs et al. (1969) 1 This study 20

We use the end-of-summer snowlines from Fausto et al. (2018a) to delineate the minimum firn area detected during the
2000-2017 period. This 1 405 500 km? area, where snow is always detected during the 2000-2017 period, is taken to
represent the ice-sheetGrlS’s current firn area. Moving this firn line 1 km inward or outward, the resolution of the product
from Fausto et al. (2018a), suggests an uncertainty of +17 250 km? (~1%). Additional uncertainty applies toen the margin of
the firn area where ephemeral-transient firn patches may exist outside of our delineation. Owing to the inherent thinness of
firn at the lower elevation boundary of the firn area, we expect these omitted firn patches to play a negligible role in the

overall meltwater retention capacity of the firn area.
2.2. Calculation of FACyq
For a discrete density profile composed of N sections and reaching a depth z, the FAC in meters is calculated as:

1 1
Fac, = Tamy (2 5) 1

where, for each depth interval k, pj, is the firn density and m, is the firn mass. p;. is the density of the ice, assumed to be
917 kg/m®.

With 121 cores shorter than 10 m in our dataset, we extrapolate shallow measurements to a depth of 10 m. We do this by
finding the longer than 10 m core that best matches the FAC-versus-depth profile of the shorter than 10 m core, with the

lowest root mean squared difference (RMSD) amongst all available cores. We then append the bottom section of this longer

4
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than 10 m core to the FAC profile of the shorter than 10 m core (see Figure S1 of the Supplementary Material). When testing
this methodology on the available 10 m long cores, from which we remove the deepest 3 m of the FAC profile, we find a

mean difference between extrapolated and real FACy < 1% and an RMSD of 0.15 m.

We assess the accuracy of the firn density measurements, as well as the effect of spatial heterogeneity, by comparing FAC,
measurements located within 1 km and collected in the same year (Figure S2 of the Supplementary Material). A standard
deviation below 0.15 m is found in the majority of the co-located and contemporaneous FACy4 observations (20 of 27 groups
of comparable observations). We correspondingly assign an uncertainty of +0.3 m, twice this standard deviation, to FACy,

measurements.

2.3. Zonation of firn air content

The FACy is calculated from firn density, which depends, among other parameters, on the local near-surface air temperature
and snowfall rate (Shumskii, 1964). Air temperature is a proxy for summer melt and subsequent refreezing within the firn, as
well as firn temperature and compaction rates. Through these processes, increasing air temperature acts to decrease FAC
(Kuipers Munneke et al., 2015b). On the other hand, snow accumulation introduces low-density fresh snow at the surface.
Increasing snowfall thus acts to increase FAC. To put our FAC,, measurements in their climatic context, we extract the long-
term (1979-2014) average annual net snow accumulation ¢ (snowfall — sublimation) and air temperature T, for each FACy,
measurement location from the nearest 5 km? cell of the Modéle Atmosphérique Régional (MARV3.5.2; Fettweis et al.,
2017).

Following the terminology of Benson (1962), we define three regions where FAC,,shows distinct regimes: (1) the dry snow
area (DSA, yellow area in Figure 1a); (2) the low accumulation percolation area (LAPA, red area in Figure 1a); (3) the high
accumulation percolation area (HAPA, green area in Figure 1a). The DSA encompasses low temperature regions of high
altitude and/or latitude where melt is uncommon and where FAC,, can be related by a linear function of T, (yellow markers
in Figure 1c). Two distinct firn regimes emerge towards higher T,, meaning lower altitude and/or latitude. Firstly, towards
lower ¢, in the LAPA, more scatter appears in FACy, and the slope of the FAC,, temperature dependency changes. Secondly,
towards higher ¢, in the HAPA, the few available FAC,, observations describe a similar temperature dependency as in the
DSA, even though they are in relatively warm regions where melt occurs. FACy, observations in the HAPA are up to five

times higher than at locations with similar T, in the LAPA (Figure 1c).

The boundary that delineates the cold (DSA) and warm regions (LAPA and HAPA) can be defined as the temperature where
an inflection occurs in the linear dependency of FACy, on T, (Figure 1c). We interpret the slope break in the temperature

dependence of FAC,, as the upper limit of frequent meltwater percolation and refreezing within the firn which Benson et al.
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(1962) defined as the dry snow line. While the transition between cold and warm areas is gradual in practice, for our analysis
we set this boundary to T, =-19 "C. Our LAPA and HAPA here stretch from the dry snow line to the firn line and therefore
also include the so-called wet snow facies defined by Benson et al. (1962). The snowfall boundary that delineates the low
and high accumulation percolation areas is more difficult to characterize. There are insufficient firn observations available
along the transition from LAPA to HAPA. The snowfall boundary could be anywhere between 543 mm w.eq. yr™ (the
highest accumulation LAPA core, Figure 1b) and 647 mm w.eq. yr™ (the lowest accumulation HAPA core, Figure 1b).
Acknowledging this uncertainty, we chose the round value of ¢ = 600 mm w.eq. yr to separate LAPA and HAPA. The

spatial delineations of the DSA, LAPA and HAPA are illustrated in Figure 1a.
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Figure 1. a) Spatial distribution of the FAC,, dataset. The DSA, HAPA and LAPA are indicated respectively using yellow, green
and red areas. b) Distribution of the dataset in the accumulation-temperature space (¢ and T,). FACy,value is indicated by a
coloured marker. Black lines and shaded areas indicate the extent of firn in the accumulation-temperature space. ¢) Temperature
dependency of FACy, in the DSA (yellow markers), LAPA (red markers) and HAPA (green markers).

2.4. FAC interpolation

To interpolate point-scale observations of FAC,, over the entire ice-sheetGrlS firn area, we describe FAC,, observations

using empirical functions of long-term mean air temperature and net snowfall. The derivation of these empirical functions is
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described in the following sections and an overview of their general form as well as the data used to constrain them are
presented in Table 2.

Table 2. Overview of the empirical functions fitted to FACy, observations in each region of the firn area.

Area Period Form Observations used for fitting
DSA
. . —_— 259 from the DSA
& 1953 - 2017 Linear function of T, (Eq. 2) 19 from the HAPA
upper HAPA
LAPA . . 25 from the LAPA
2 2010 - 2017 . ?noo;hfd bilinear function of 10 from the HAPA
HAPA a anAc. 6 selected from firn line in the HAPA
38 from the LAPA
LAPA 1998-2008 | ° ecsilnr:‘;::dxsfﬁs tEhe ';ACN 1 from the HAPA
G- 6 selected from the firn line in the HAPA

2.4.1. Dry snow area

In the DSA, the 259 FAC4 observations obtained between 1953 and 2017 can be approximated by a linear function of their
local T, (Figure 1c). This dependency is the same for the 19 FAC,, observations from the upper HAPA available between
1981 and 2014. We consequently include these observations so that the linear relationship remains valid in the upper HAPA
(Section 2.4.2). These 278 FAC,, observations are then binned into four equal T, ranges to avoid the overrepresentation of
clustered data (Figure 2a). Eventually, a linear function of T, is fitted to the bins’ average FACy, using least squares
method to estimate the FAC, in the DSA:
FAC,((T,) = —0.08* T, +3.27 [2]

We assign to any FAC,, estimated in the DSA using Eq. 2 an uncertainty equal to twice the regression’s RMSD: 0.4 m.
Although FAC,, is also dependant on ¢, the residuals from Eq. 2 do not present any correlation with their respective ¢
values. It indicates that because of the intrinsic co-variability of ¢ and T,, most of the variations in observed FACy, can
be explained using either ¢ or T,. Insufficient data are available to disambiguate-separate the role of ¢ and T, in FACy,

variations in the DSA. We therefore choose to use only T, in Eq. 2.
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Figure 2. a) Linear function of T, fitted to FAC,, observations from the DSA and upper HAPA. b) Residual between estimated
(using linear regression) and observed FAC, as a function of survey year.

2.4.2. Percolation areas

In the LAPA and in the HAPA, FAC,, observations exhibit a more complex dependency on ¢ and T, (Figure 1b and 1c).
Additionally, observations are unevenly distributed in space and time. Thus to reveal the temporal trends in FAC,, the
observation dataset is divided into two time slices that each contain enough FACy, observations to describe the spatial

pattern of FAC,, and constrain our empirical functions.

Over the 2010-2017 period, 25 FAC,, observations were made in the LAPA, stretching from the upper boundary of the
LAPA down to the vicinity of the firn line. During that same period, 10 firn cores were collected in the HAPA.
Unfortunately, in addition to their small number, the cores are located relatively far into the interior of the ice sheet and do
not describe how the FAC, decreases in parts of the HAPA closer to the firn line. We consequently complement these firn
cores with 6 sites, selected on the remotely sensed firn line, where FAC, is assumed to be null (Figure S3). FACy, in the
LAPA and HAPA during 2010-2017 is then described by a smoothed bilinear function of T, and ¢ fitted through least

8
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squares method to the available observations (Figure 3a). We do not allow that function to exceed the linear function of T,
that describes FAC;o measurements in the DSA and in the upper HAPA (Eq. 2) or to predict FACy, below 0 m.

Prior to 2010, insufficient data are available to document the FAC,q in the HAPA. In the LAPA, however, 35 observations
were made between 2006 and 2008 and three cores were collected in 1998. These measurements are used to describe the
FACy, in LAPA during the 1998-2008 period by a smoothed bilinear function of T, and ¢. To ensure that our empirical
function has realistic values towards the transition with the HAPA, we also include one core collected in the HAPA in 1998.
We also include the previously described six locations from the firn line (Figure 3a). Although observation locations in
1998-2008 and 2010-2017 can be different, few samples available at the same sites (e.g. Crawford Point, Dye-2) in both time
slices ensure-comfirm that FACyo changes are more likely due to a temporal evolution rather than from the different spatial

coverage of each period’s constraining dataset.

The empirical functions used to estimate the FACy, in the LAPA and HAPA (Figure 3), when compared to FACg
observations, have a RMSD of 0.28 m in the LAPA over the 1998-2008 period, 0.27 m in the LAPA over the 2010-2017
period and 0.17 m in the HAPA over the 2010-2017 period.

We investigate the robustness of our empirical functions in the HAPA and LAPA using, for each period separately, the
following sensitivity analysis. For 1000 repetitions, we apply four types of perturbations to the FAC,, observations and then
re-fit our empirical functions. The effect of the availability of measurements in the LAPA is tested by randomly excluding
four observations in that region (16% and 11% of observations in 2010-2017 and 1998-2008, respectively). The effect of
uncertainty in the firn line location in the (T, , ¢) space is tested by adding a normally distributed noise with mean zero and
standard deviation 3 “C to the T, of firn-line-derived FACy, (illustrated in Figure S3). The effect of the uncertain FACy
value at the firn line is assessed by assigning to firn-line-derived points a random FAC,, value between 0 and 1 m. Finally,
the effect of the smoothing applied to the bilinear interpolation of FAC,, measurements is assessed by modifying the amount
of smoothing applied. Following 1000 repetitions of the above-mentioned four perturbations to the FAC,, observations, we
then calculate the standard deviation of all empirically estimated FAC,, values within the (T, , ¢) parameter space. We then
double this standard deviation to approximate the 95% uncertainty envelope for empirically estimated FAC,q in the LAPA
and HAPA. W i j i 1o-can-be-smallerthan-the one of FAC,,
observations—We conseguenthy-set 0.3 m, the uncertainty related to FAC measurements (Section 2.2), as the minimum
possible uncertainty on any empirically estimated FACyg.
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Figure 3. Contours (labelled black lines) of the empirical functions of T, and ¢ used to estimate FACy, along with the FACy,
observations used to constrain the functions. Two functions could be constructed: (a) describing FAC,, in the LAPA during 1998-
2008 and (b) describing FAC, in the LAPA and HAPA during 2010-2017.

2.5. Estimation of FACy

FAC, should be integrated from the ice-sheet surface down to the depth where firn reaches the density of ice (Ligtenberg et
al., 2018). This depth varies in space and time across the ice-sheetGrIS but is poorly documented. Additionally, the RCM
HIRHAMS (evaluated in Section 3.3) does not reach ice density at the bottom of its column in certain locations. We
therefore calculate FAC, as the vertically integrate FAC from the surface to a standard 100 m depth. Only 29 of our 360 firn
observations reach depths greater than 100 m. We therefore complement these core observations with 13 ground-penetrating
radar observations of FAC,, from Harper et al. (2012).Using the least squares method with an intercept of zero, we fit the
following linear regression between FAC,, and FAC,,; (Figure 4):
FACyor = 4.1% FAC,y,  [3]

This function infers that FAC,y is approximately 410% of FAC,,. While we acknowledge this relation is straightforward, we
highlight that it is statistically robust. We assign 3.6 m, twice the RMSD of the linear regression, as the typical uncertainty
apphying-enfor an estimated FAC,, value that can in theory vary between 0 and ~25 m.

10
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Figure 4. Linear regression used to estimate FAC, from FACj,.

As a result of deriving FAC,y as a function of FAC4, (Eq. 3), any change in FAC,, between two dates implies a proportional
change in FAC,, over the same time period. This co-variation neglects that near-surface changes in the firn slowly propagate
to greater depth with thermal conduction and downward mass advection (Kuipers Munneke et al., 2015b). We therefore note
that for a decreasing FAC,, (see Section 3.2.1), our estimated change in FAC, corresponds to the maximum possible change

associated with the whole firn column having sufficient time to adapt to the new surface conditions.

2.6. Spatially integrated FAC and retention capacity

We define, for any ice-sheet region, the spatially integrated FAC as the cumulated volume of air within that region either in
the top 10 m of firn or for the total firn column (top 100 m). The uncertainty associated with the empirically estimated
FAC,, and FAC,, at a given location are not independent from other locations because the same functions of T, and ¢ are
applied across the ice-sheetGrlS. Consequently, we consider that the uncertainty of the mean FAC in a specific region is the
mean of FAC uncertainty values therein and that the uncertainty of spatially integrated FAC is the sum of the uncertainty

values in the considered region.
We use the estimated FAC to calculate the meltwater retention capacity of the firn. Harper et al. (2012) defined the firn

retention capacity as the amount of water that needs to be added to the firn to bring its density to 843 kg m™, the density of

firn saturated by refrozen meltwater measured in firn cores.
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2.7. Comparison with Regional Climate Models

We compare our FAC,, observations and spatially integrated FAC estimates to the firn products available from three RCMs:
HIRHAM5, RACMO02.3p2 and MARv3.9. HIRHAMS output is available at 5.5 km spatial resolution and is presented in
Langen et al. (2017). Two versions of HIRHAMS5 are used: with linear parametrization of surface albedo (thereafter referred
as HH_LIN) and MODIS-derived albedo (thereafter referred as HH_MOD). RACMO2.3p2, presented by Noél et al. (2018),
provides FAC at a 5.5 km resolution. MARV3.9 is presented in Fettweis et al. (2017), only simulates FACy, because of its

shallow subsurface domain and has a spatial resolution of 15 km.

3. Results and discussion
3.1. Spatio-temporal distribution of FAC

In the DSA, we consider the absence of a temporal trend in the deviation between measured FAC,, and FACy, estimated
using the linear function of T, (Figure 2b) as evidence of unchanging FACy, in that area between 1953 and 2017. This
inference of widespread stable FAC in the DSA is confirmed at point scale by firn cores in our dataset taken at the same sites
but decades apart, showing the same FAC (Summit, Camp Century, e.g.). This result is also corroborated by recent firn

modelling at weather stations located in the DSA (Vandecrux et al. 2018).

Using the 5x5 km T, and ¢ grids from Fettweis et al. (2017) and the empirical functions presented in Figure 3, we map the
FAC,, and its uncertainty across the GrlS firn area-ef-the-ice-sheet (Figure 5). From these maps we calculate an average
FACyo of 5.2 £ 0.3 m in the DSA over the 1953-2017 period and of 3.0 £ 0.4 m in the HAPA during the 2010-2017 period.
Within the LAPA, we calculate an average FACyq of 3.9 £ 0.3 m during the 1998-2008 period, which decreases by 23 % to
3.0 £ 0.3 m by-in the 2010-2017 period. Spatially, the FACy, loss in the LAPA is concentrated in a 60 km wide band above

the firn line in western Greenland (Figure 5b).
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Figure 5. a) FACyo maps and location of the FAC,, measurements. b) Change in FACy, between 1998-2008 and 2010-2017 in the
LAPA. c) Maps of the relative uncertainty of the FAC,, map.

We find that during the 2010-2017 period, the entire firn area contained 6 500 + 450 km? of air centent-within the top 10 m
and poetentialhy-up to 26 800 + 1 840 km® within the whole firn column (Table 3). About 83 + 5% of this air content is
centained-found in the DSA, which represents 74% of the firn area. The HAPA, covering 12% of the firn area, contains 8 +
1% of ice-sheet-widefirn-air-contentGriS FAC, both for the top 10 m and the whole firn column.
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Table 3. Spatially integrated FAC and firn retention capacity over each ice sheet region.

Area Period Spatially integrated FAC (km®) Firn storage capacity (Gt)

Upper 10 m Total firn column Upper 10 m Total firn column
DSA 1953-2017 | 5400 =+ 310 22300 + 1280 4200 + 290 | 12800 <+ 1170
LAPA 1998 — 2008 750 = 60 3100 = 240 550 + 50| 1490 = 220
LAPA 2010 -2017 580 =+ 60 2400 = 250 400 =+ 50 950 + 220
HAPA 2010 -2017 530 =+ 80 2200 = 320 370 =+ 70 90 + 290
All 2010-2017 | 6500 =+ 450 26800 + 1840 5000 + 410| 14700 + 1600

The LAPA, which comprises 14% of the firn area, contained 9 + 1% of ice-sheet--wide firn air content in the period 2010-
2017. Decreasing FAC;, between 1998-2008 and 2010-2017 yields a loss of 170 + 120 km?® (23 + 16%) of air from the top
10 m of firn. The corresponding decrease in FAC indicates that, as an upper estimate,-potentiaty-up-to 700 + 490 km? of air

may have been lost from the total firn column. In this we assume that the FAC,, decrease propagated to the entire firn

column (see Section 2.5), which might not be accurate. Insufficient data are available to determine precisely how much FAC

was lost below 10 m and we can only give a hypothetical upper bound to the FAC,; decrease.

Recent studies have identified increasing surface melt and meltwater refreezing as major contributors to increasing near-
surface firn densities, and subsequent loss of FAC (de la Pefia et al., 2015; Charalampidis et al., 2015; Machguth et al., 2016;
Graeter et al., 2018). However, firn density and FAC are also dependent on annual snowfall, with decreasing snowfall
driving increasing firn density and decreasing FAC (e.g. Vandecrux et al., 2018). Nevertheless, the lack of widely distributed
observation of snow accumulation for the 1998-2017 period and the contradicting trends in precipitation calculated by RCMs
(Lucas-Picher et al., 2012; van den Broeke et al., 2016; Fettweis et al., 2017) complicate the partitioning of the melt and
snowfall contributions to changes in_ GrIS FAC-atice-sheetscale.

To investigate how uncertainties in T, and ¢ impact our FAC,, maps, we repeat our procedure using the 1979-2014 T, and ¢
estimated by Box (2013) and Box et al. (2013) (hereafter referred to as “Box13”). The Box13-derived FAC,, fits equally
well (RMSD < 0.3 m) to the FAC,, observations, leading to spatially integrated FAC values within uncertainty of the MAR-
derived values. However, due to differing model formulations and atmospheric forcings, the spatial patterns of air
temperature and snowfall are different between Box13 and MARV3.5.2 (detailed in Fettweis et al. 2017), especially in the
southern and eastern regions of the firn area. This leads to different estimations of FACy, in these regions (Figure S4).
Additionally, in these regions no firn observations are available to constrain our FAC,, estimates. More observations in the
sparsely observed southern and eastern regions would improve FACy, estimates and help better elucidate which T, and ¢

source best describes the spatial pattern in FAC;y.
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3.2. Firn retention capacity

The decrease in FACy, in the LAPA between 1998-2008 and 2010-2017 translates to a loss in meltwater retention capacity
of 150 £ 100 Gt in the top 10 m of firn (Table 3). This is-equivalent-to-apotential-sea-level-drawdewn-oflost retention

capacity represents 0.4 £ 0.3 mm sea level equivalent (s.l.e.). For the total firn column, we estimate an associated upper

bound loss of 540 + 4450 Gt (1.5 + 1.2 mm s.l.e.). While these volumes are small compared to the average GrlS mass loss-6f
the-icesheet (474-~0.47 + 1570.23 Gtmm s.l.e. yr'1 for 1991-2015 in van den Broeke, 2016), the impact of reduced retention
capacity has an important time-integrated effect, in amplifying meltwater runoff each year. This amplification can be non-
linear as when, for instance, a succession anomalously high melt years and reduced firn permeability resulted in an abrupt
increase in western Greenland runoff in 2012 (Machguth et al. 2016).

Harper et al. (2012), using observations from 2007-2009, estimated that 150 000 km? of firn residing within the lower
percolation area (as delineated in an earlier version of MAR) could potentially store between 322 + 44 Gt of meltwater in the
top 10 m of firn and 1 289 *388 Gt within the entire firn column. We note that the Harper et al. (2012) estimate is based
solely on observations in the LAPA, while 68% of the percolation area to which they extrapolate is located in the HAPA. By
contrast, we find that the warmest 150 000 km? of our firn area in 2010-2017 can retain only 150 + 66 Gt of meltwater in the
top 10 m of the firn. We estimate a total storage capacity of 310 + 270 Gt within the whole firn column in this part of the firn
area. Our relatively low estimate of the retention capacity might reflect the recent decrease of FAC in the LAPA but also, for
the values derived from FAC,y, our simplifying assumption that this decrease has propagated through the whole firn column
(Section 2.5). Yet, beyond these integrated values, our approach allows to quantify the firn retention capacity and the
corresponding uncertainty at any location of the firn area. Our product can therefore be used in combination with, for
instance, remotely sensed melt extent to derive which areas of the firn actively retain meltwater and evaluate the retention

capacity there.

We use the same infiltration ice density as Harper et al. (2012), 843 + 36 kg m™ as determined from firn core segments
saturated by refrozen meltwater. However, Machguth et al. (2016) measured with similar technique an infiltration ice density
of 873 + 25 kg m™ in western Greenland. Using the latter value increases our estimated firn storage capacity of the top 10 m
of firn by 8 to 13%, depending on the region, but remains within our uncertainty intervals (Table 3). Additional field
measurements are needed to ascertain the spatial and temporal dependence of infiltration ice density on climatic drivers. Our
definition of retention capacity assumes that retention occurs through the refreezing of meltwater and neglects potential
liquid water retention seen in firn aquifers (Forster et al. 2014). Nevertheless, recent work in southeast Greenland showed
that meltwater resides less than 30 years in the aquifer before it flows into nearby crevasses and eventually leaves the ice

sheetGrlS (Miller et al. 2018). Meltwater refrozen within the firn can be retained for much longer periods, until it is
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discharged at a marine-terminating outlet glacier or reaches the surface of the ablation area. By neglecting liquid water

retention in firn, our study focuses on long-term meltwater retention.

3.3. Regional Climate Model evaluation

3.3.1. Comparison with FAC observations
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Figure 6. Comparison between the observed FAC,, and FAC,, and the simulated FAC in the corresponding cells of three RCMs.

All models reproduce the FAC,, observations in the DSA and HAPA with bias < 0.2 m and RMSD < 0.4 m (Figure 6, Table
5). RACMO2.3p2, MARV3.9, and HH_LIN tend to underestimate the FACy, in the LAPA, while HH_MOD does not show a
pronounced bias there. The RCMs all present a RMSD less than 12% of the mean FAC,, for our entire dataset. The RCMs
are also evaluated against the 29 directly observed FAC, (Figure 6, Table 5). Both versions of HIRHAMS5 overestimate
FAC, in the DSA (bias > 3 m), while RACMO2.3p2 performs better in that area (bias = 0.1, RMSD = 1.8). HH_LIN and
RACMO2.3p2 compare relatively well with the three FAC,,; observations available in the LAPA, while HH_MOD presents
a larger positive bias. These three FAC,, observations are located in the upper LAPA and therefore not including regions
where RCMs underestimate FACyo. All models overestimate the only FAC,, observation available in the HAPA by more
than 3 m. Compared to all FAC; measurements, RACMO2.3p2 gives a RMSD equivalent to 9% of the mean observed
FAC; when HIRHAMS5’s RMSD reaches 20% with HH_MOD. None of the RCMs therefore simulate both FAC,, and
FAC, accurately.

Table 5. Performance of the RCMs for FAC,, and FAC in terms of bias (average difference between model and observations)
and Root Mean Squared Difference (RMSD).
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DSA LAPA HAPA All firn area
Bias RMSD | Bias RMSD | Bias RMSD | Bias RMSD
(m) (m) (m) (m) (m) (m) (m) (m)
Nype 259 82 19 360
HH_LIN 0.0 04| -05 08| 01 06| -0.2 0.6
FAC,, HH_MOD 0.0 04| 01 04| 0.2 06| 0.0 0.4
RACMO2.3p2 0.1 03| -03 0.6 0.0 0.5 0.0 0.5
MARvV3.9 0.2 03| -0.6 10| 02 06| 0.0 0.6
Nops 25 3 1 29
HH_LIN 37 4.1 1.0 33 6.4 - 3.4 41
FAC
HH_MOD 3.8 41| 37 41| 71 -1 39 43
RACMO2.3p2 0.1 1.8 1.0 16| 33 -1 04 1.9

3.3.2. Comparison with the spatially integrated FAC

Agreement between RCM-simulated and observation-derived spatially integrated FAC is model- and region-dependent
(Figure 7). RCMs simulate a spatially integrated FAC,, within the uncertainty of our observation-derived estimation in the
DSA. Models also show lower spatially integrated FACy, in the LAPA and higher values in the HAPA compared to our
estimate (Figure 7b-d). These regional differences cancel out when spatially integrating FACy, over the entire firn area
(Figure 7a). Our estimation of spatially integrated FAC, is subject to more assumptions as uncertainty is introduced in our
conversion of FACyg to FAC,, (Section 2.5). In the DSA, HH_MOD simulates a spatially integrated FAC,, 20% higher than
our estimation while RACMO2.3p2 simulates spatially integrated FAC,y within our uncertainty range (Figure 7e). In the
LAPA, the decrease in spatially integrated FAC,. is more pronounced in our estimate than in the RCMs. This might indicate
that, in the RCMs, the FAC loss is concentrated in the near-surface firn and has not yet propagated through the entire firn
column. Our estimate assumes that any change in FAC,, immediately propagates to the entire firn pack (see Section 2.5). In
the HAPA, RCMs show higher spatially integrated FAC, values than our estimate (Figure 7h), contributing to the higher
spatially integrated FAC, across the entire firn area in the RCMs compared to our estimation (Figure 7e). This is partly due
to the fact that in our estimation, FAC decrease with elevation and is set to zero at the firn line. In the RMCs, modelled FAC
remains higher than our estimate in the lower HAPA and in the vicinity of the firn line. No FAC observations are available
in the lower HAPA to confirm this. Future measurements will help to quantify FAC in the surrounding of the firn line,

allowing to better evaluate our assumptions and further assess the RCMs’ performance in that area.
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Figure 7. Spatially integrated FAC in the RCMs and from observation-derived estimates.

The differences between RCM outputs may stem from their respective surface forcings. As an illustration, HH_MOD uses a
higher albedo than HH_LIN, thus calculates less surface melt and refreezing and, as a consequence, higher FACyq in the
LAPA. Noél et al. (2018) found that the surface mass balance of RACMO2.3p2 in the accumulation area was on average
slightly lower than observations, indicating excessive sublimation or runoff relative to snowfall in the model. This surface
bias could explain the model’s underestimation of FACy, in the LAPA at point scale (Figure 6, Table 5) and on spatially
integrated values (Figure 7). On the other hand, MARvV3.9 has slight positive biases in surface mass balance compared to
observations (Fettweis et al. 2017). And although theis RCM simulates too much precipitation relative to melt, it also
underestimates FACy, in the LAPA. Surface forcing is therefore not the only factor influencing the FAC estimates by the
RCMs.

Differences in RCM-simulated FACyo can also be explained by the way firn densification is treated in the snow model of
each RCM. For instance, the overestimation of FAC,y in the DSA by HIRHAMS potentially arises from the use of a firn
compaction law originally developed for seasonal snow (Vionnet et al., 2012). RACMO2.3p2 produces more realistic FAC

in the DSA, most likely because the densification law it uses has been tuned to match 8 deep firn density observations
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(Kuipers Munneke et al., 2015a). It is nevertheless difficult to disentangle the roles of surface forcing and model formulation

in the performance of RCMs.

In agreement with our observation-derived FAC,, estimates, the RCMs calculate a decreasing FACyq in the LAPA (Figure
7c¢) initiating in the early 2000s and accelerated during the extreme summers of 2010 and 2012. In the DSA, RCMs show a
FAC, decrease ranging from -120 km® in MARV3.9 to -282 km?® in RACMO2.3p2 between 1998 and 2017. These decreases
contradict with our conclusion that FAC has not changed significantly in the DSA over that period (Section 3.1). The
different FAC,, dynamics in our dataset and in RCMs could be due to: i) the RCMs not capturing an increase of snowfall in
the DSA which could in theory counterbalance the densification expected from the recent warming in the firn area (McGrath
et al., 2014); ii) an overestimated response of firn compaction rates to increasing temperatures in the models; iii) the spatial
heterogeneity and uncertainty of FAC observations leading to spurious conclusions from our dataset. Yet, finding identical

firn density profiles decades apart at several sites (e.g. Summit, Camp Century) adds confidence to our findings.

4. Conclusions

Using a collection of 360 firn density profiles spanning 65 years we quantified the firn air content (FAC) on the Greenland
ice sheet as function of long-term air temperature and net snow accumulation averages (T, and ¢). For the 2010-2017 period
we calculate that the Greenland firn contained 26 800 + 1 840 km? of air, of which 6 500 + 450 km?® in its top 10 m. We find
that over the 1953-2017 period, FAC remained constant within uncertainty in the dry snow area (DSA, where T, < -19°C).
We note that the vast majority of the ice sheet’s FAC (83 = 5 %) resides within the DSA, and represents a potential
meltwater storage volume of 12 800 + 1 170 Gt. In the low accumulation percolation area (LAPA, where T, >-19°C and ¢ <
600 mm w.eq. yr-1), we calculate that the FAC decreased by 23 + 16% between 1998-2008 and 2010-2017. This decrease
translates into the loss of meltwater retention capacity of 150 + 100 Gt (0.4 + 0.3 mm sea level equivalent) in the top 10 m of
the firn and potentially up to 540 + 4450 Gt (1.5 £ 1.2 mm sea level equivalent) in the entire vertical extent of the firn layer.
This decreased FAC and meltwater retention capacity is focused in the lower accumulation area of central western
Greenland. Thus, in contrast to the relative stability of the DSA, the LAPA is the focal area of the firn’s response to recent
climate change. The firn in the high accumulation percolation area (LAPA, where T, >-19°C and ¢ > 600 mm w.eq. yr-1)
has the capacity to store 370 + 70 Gt in its top 10 m and up to 960 = 290 Gt in its entire vertical extent. Yet, this area is

covered by fewer observations and would highly benefit from future field surveys.

The outputs from three regional climate models (HIRHAM5, RACMO2.3p2 and MARV3.9) indicate that our calculated
decrease in FAC may have been initiated in the early 2000’s and accelerated after 2010. The RCMs also provide estimates of
FAC in regions where no measurements are available. But the mismatch between RCMs and our firn core dataset illustrates

that RCMs should be used with caution when assessing meltwater retention capacity, or when converting ice sheet volume
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changes into mass changes in the firn area. Finally, our study highlights the importance of assimilating in situ firn density
measurements to document the climate response of ice-sheet firn as a non-trivial component of the sea-level budget. More
broadly, this work illustrates how new insight can be gleaned-obtained from the synthesis of historical data sources, and thus

emphasizes the tremendous value of open-access data within the scientific community.
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